Phosphorus (P) losses from agricultural landscapes arise from the interaction of hydrologic, edaphic, and management factors, complicated by their spatial and temporal variability. We monitored sites along two agricultural hillslopes to assess the eff ects of fi eld management and hydrology on P transfers in surface runoff at diff erent landscape positions. Surface runoff varied by landscape position, with saturation excess runoff accounting for 19 times the volume of infi ltration excess runoff at the north footslope position, but infi ltration excess runoff dominated at upslope landscape positions. Runoff diff ered signifi cantly between south and north footslopes, coinciding with the extent of upslope soil underlain by a fragipan. Phosphorus in runoff was predominantly in dissolved reactive form (70%), with the highest concentrations associated with upper landscape positions closest to fi elds serving as major sources of P. However, the largest loads of P were from the north footslope, where runoff volumes were 24 times larger than from all other sites combined. Loads of P from the north footslope appeared to be primarily chronic transfers of desorbed soil P. Although runoff from the footslope likely contributed directly to stream fl ow and hence to stream water quality, 27% of runoff P from the upslope sites did not connect directly with stream fl ow. Findings of this study will be useful for evaluating the critical source area concept and metrics such as the P-Index.
Phosphorus (P) losses from agricultural landscapes arise from the interaction of hydrologic, edaphic, and management factors, complicated by their spatial and temporal variability. We monitored sites along two agricultural hillslopes to assess the eff ects of fi eld management and hydrology on P transfers in surface runoff at diff erent landscape positions. Surface runoff varied by landscape position, with saturation excess runoff accounting for 19 times the volume of infi ltration excess runoff at the north footslope position, but infi ltration excess runoff dominated at upslope landscape positions. Runoff diff ered signifi cantly between south and north footslopes, coinciding with the extent of upslope soil underlain by a fragipan. Phosphorus in runoff was predominantly in dissolved reactive form (70%), with the highest concentrations associated with upper landscape positions closest to fi elds serving as major sources of P. However, the largest loads of P were from the north footslope, where runoff volumes were 24 times larger than from all other sites combined. Loads of P from the north footslope appeared to be primarily chronic transfers of desorbed soil P. Although runoff from the footslope likely contributed directly to stream fl ow and hence to stream water quality, 27% of runoff P from the upslope sites did not connect directly with stream fl ow. Findings of this study will be useful for evaluating the critical source area concept and metrics such as the P-Index. T ransfers of phosphorus (P) from terrestrial to aquatic ecosystems contribute to accelerated eutrophication, which is the most extensive impairment of surface waters in the USA (USEPA, 2007) . Agriculture is an important source of P to surface waters (e.g., Carpenter et al., 1998; Howarth et al., 2004) , and eff orts to reduce P pollution from agriculture have relied largely on the critical source area concept of targeting remedial practices to fi elds where high concentrations of P coincide with areas in the landscape prone to surface runoff generation (Sharpley et al., 1994; Gburek et al., 1996; Pionke et al., 2000) . Th e Phosphorus Site Assessment Index (P-Index) was developed to identify fi elds that are critical source areas, and variations on that Index have now been adopted by the vast majority of US states (Sharpley et al., 2003) . Validation of the P-Index could be greatly enhanced by studies that explore how P transport in surface runoff is aff ected by the interaction of fi eld management and hydrology at plot, fi eld, and landscape scales.
Eff ects of Hydrology and Field Management on Phosphorus Transport in Surface Runoff
Field management of manure and fertilizer nutrients is an important factor that infl uences rapid incidental (e.g., Haygarth and Jarvis, 1999; Haygarth et al., 2000) and chronic transfers of P in surface runoff . Rapid incidental transfers of P are mostly likely to occur when P applications are immediately followed by large rainfall events. Recent studies have observed rapid incidental P transfers following applications of fertilizer Haygarth and Jarvis, 1997; McDowell and Catto, 2005) and manure (Misselbrook et al., 1995; Wang et al., 1996; Withers et al., 2001; Preedy et al., 2001) . Chronic P transfers in surface runoff are more symptomatic of repeated applications of manure and fertilizer over the long term, which can lead to increases in soil test P and ensuing desorption of P from soil solids to runoff water (Sharpley et al., 1994) . Th us, it is well established that soil P and dissolved reactive P (DRP) in surface runoff are strongly tied (see review by Vadas et al., 2005) . Th e linkage between fi eld management and the relative importance of rapid incidental and chronic transfers of P in surface runoff is important to establish over the long-term to improve nutrient management in agricultural watersheds.
In addition to understanding fi eld management factors, hydrology is also important because surface runoff serves as the primary fl ow pathway for P transport (Sharpley et al., 1994) . Identifi cation and quantifi cation of surface runoff is complicated by the interaction of climate, geomorphic variables, and management, which can result in heterogeneity of runoff production mechanisms over space and time (Srinivasan et al., 2002) . Increasingly, variable source area hydrology is recognized in watersheds with soils that are shallow or possess a discontinuity that can perch shallow water tables (Srinivasan et al., 2002; Needelman et al., 2004; Gburek et al., 2006) . In such watersheds, surface runoff may be generated by infi ltration or saturation excess mechanisms (Ward, 1984) .
Infi ltration excess runoff occurs when the rainfall rate exceeds the soil infi ltration capacity (Horton, 1933) , and therefore rainfall intensity is an important factor aff ecting the occurrence of infi ltration excess runoff . Saturation excess runoff occurs from direct precipitation onto saturated areas or from return fl ow of subsurface water to the land surface (Dunne and Black, 1970) . Several recent studies have simulated return fl ow (exfi ltrating soil water) in the laboratory and have shown that this fl ow pathway can have profound eff ects on P concentrations and losses in surface runoff (Zheng et al., 2004; Sánchez and Boll, 2005) . Th erefore, identifying runoff generation mechanisms is important from the perspective of P release and transport in surface runoff .
Given the role of geomorphic processes in the development of distinct soil properties, landscape position has been shown to be an important variable aff ecting runoff generation processes and therefore also may be important for tracking P losses at larger scales, such as the hillslope or watershed scale. Research in humid temperate agricultural watersheds consistently has shown that saturation excess runoff is more common in the near-stream zone (Gburek et al., 2006) . In some regions where colluvial soils have led to fragipan development in near-stream zones, saturation excess runoff can be extremely important due to the infl uence of seasonally perched water tables (Needelman, 2002; Gburek et al., 2006) . In fact, a recent study by Buda et al. (2009) showed that saturation excess runoff from a fragipan soil accounted for a substantial portion of hillslope runoff in the footslope of a small agricultural watershed, whereas upslope areas produced much smaller volumes of mostly infi ltration excess runoff . Th e same study also highlighted runoff timing and frequency diff erences between upper and lower landscape positions, with the footslope positions typically producing the most frequent and largest volumes of surface runoff . As a result, the timing and frequency of runoff at a given landscape position may be important for detecting the impacts of management activities on P transport.
Th e vast majority of runoff P studies have focused on P transfer at the plot scale for short time periods using simulated rainfall experiments (Dougherty et al., 2004 and references therein) . Fewer studies have been conducted using natural rainfall at the landscape scale. Herein, we report the results of a 2.5-yr study designed to evaluate the eff ects of fi eld management and hydrology on P transfers in surface runoff at diff erent landscape positions under diff erent rainfall conditions. Runoff was monitored continuously to assess trends in P release at three landscape positions along a single hillslope and one landscape position at the base of another hillslope. Results from this study will be useful for evaluating the critical source area concept and metrics such as the P-Index.
Materials and Methods

Study Area
Th e study was conducted on two hillslopes within the Mattern watershed (Fig. 1) , a small, 11-ha research watershed that has been the focus of recent investigations of runoff generation processes (Buda et al., 2009) as well as nutrient transport in surface runoff under simulated rainfall (Kleinman et al., 2006) . Th e watershed falls within the Ridge and Valley Physiographic Province of east-central Pennsylvania and has a humid temperate climate with average annual precipitation of approximately 1060 mm based on 35 yr of data collected near Klingerstown, PA. Mean monthly temperatures in the watershed range from −4°C in January to 21°C in July.
Th e Mattern watershed is underlain by deeply folded acidic shales and fi ne sandstones of the Trimmers Rock Formation and is overlain by soils of colluvial and residual origin (Fig. 1) . Th e colluvial soil is a somewhat poorly drained Albrights (fi ne-loamy, mixed, semiactive, mesic Aquic Fragiudalf ) that occupies footslope locations in the lower portion of the watershed and is characterized by a fragipan at approximately 60 cm depth overlain by an argillic horizon with >35% clay. Upslope of the Albrights soil is the well drained residual Berks soil (loamy-skeletal, mixed, active, mesic Typic Dystrudept). Th e Berks soil was formed from residuum and lacks a fragipan but does possess a pronounced argillic horizon (clay <30%). Previous research in the Mattern watershed by Buda et al. (2009) showed that as much as 80% of the hillslope runoff was generated by saturation excess mechanisms from the colluvial Albrights soil, which frequently was saturated at the surface after periods of persistent precipitation. In contrast, lesser volumes of runoff were generated by the infi ltration excess mechanism, and only from the Berks soil.
During the course of the study (2002) (2003) (2004) , the contourcropped watershed contained four distinctly managed fi elds (Fig. 1) . Fields 1 and 4, located at the top and base of the hillslope, respectively, were planted with alfalfa (Medicago sativa L.), were not tilled, and did not receive nutrient applications (manure/fertilizer). ). Th ese rates provided a consistent P load to the hillslope. Additional information on fi eld management is available in Table 1 .
Runoff Monitoring
Runoff monitoring plots were installed at diff erent landscape positions (e.g., Conacher and Dalrymple, 1977) along the north and south hillslopes to assess the eff ects of soil, slope, landscape position, fi eld management, and runoff hydrology on P con-centrations and losses in surface runoff (Fig. 1) . On the north hillslope, plots were established within the seepage slope (Field 2-3 boundary, Berks soil, 12% slope), the transportational midslope (Field 3-4 boundary, Berks soil, 32% slope), and the colluvial footslope (Field 4 edge, Albrights soil, 18% slope). On the south hillslope, plots were only established within the colluvial footslope position (Field 4 edge, Albrights soil, 10% slope). Although the north and south footslope plots were established in the fragipan-containing Albrights soil, the extent of the fragipan diff ered markedly between the two sets of plots (Fig. 1) . On the north hillslope, the Albrights soil extended about 20 m upslope of the footslope runoff plots, whereas the Albrights soil only extended about 5 m above the south footslope plots before transitioning to the more well drained Berks soil. Th ese diff erences were shown to have profound eff ects on runoff generation between the north and south footslopes (Buda et al., 2009) , which are discussed in more detail later.
At each landscape position, four pairs of 1-m wide by 2-m long runoff plots were installed along a single elevation line (Fig.  2) . Each pair of plots consisted of a closed and an open plot, which were designed to test whether fl ow pathway length aff ected P transport in surface runoff . Closed plots were isolated on the top three sides by steel frames, which only permitted runoff collection from within the plot itself. Th e steel frames were 10 cm high, with the fi rst 5 cm of the frame driven into the soil and the remaining 5 cm extending above the ground surface. Open plots did not have the solid steel frame on the upper 1-m-wide side, and therefore runoff collected from this plot could include water that originated upslope of the plot. Gutters parallel to the soil surface were inserted 5 cm into the soil at the lower end of open and closed plots to exclude direct rainfall input during runoff events. Runoff from the gutter was routed by 2-cm-diameter plastic tubes to 10.5-L containers buried below the base of each plot. For the majority of events, total runoff volume was measured volumetrically; however, fl ow splitters were installed in July 2004 to divert a small fraction of total runoff to an automated tipping bucket rain gauge so that runoff volumes from large events could be measured more accurately (see Buda et al., 2009) . Subsamples of runoff water were collected in 900-mL plastic bottles and stored at 4°C before laboratory analysis.
To distinguish between saturation excess and infi ltration excess runoff generation mechanisms, subsurface saturation sensors, designed by Srinivasan et al. (2000) , were installed at the east and west end of each of the four runoff monitoring locations. Sensors measured water table depths at 1, 5, 10, 20, 30, and 45 cm below the soil surface. For each observed runoff event, the maximum 5-min water table depth was recorded for the two subsurface sensors at each of the four runoff plot locations and averaged. For a particular event, measured runoff was considered saturation excess runoff when the average water table rose to a depth that was at or near the surface (<5 cm) (e.g., Needelman et al., 2004; Buda et al., 2009) . Runoff that occurred when the average water table was >5 cm below the soil surface for the entire event was considered to be infi ltration excess. A tipping bucket rain gauge installed at the seepage slope landscape position (see Fig. 1 ) enabled us to monitor rainfall at 5-min intervals, permitting the characterization of event duration, depth, and intensity.
Soil Sampling and Laboratory Analysis
To characterize soil P levels within the watershed, surface soils were sampled (2 cm in diameter, 5 cm deep) in late April 2001 using a 30-m grid of sampling points spread out across the watershed. Soils were air dried, sieved (2-mm), and analyzed for Mehlich-3 P by agitating 2.5 g of soil with 25 mL of Mehlich- 
EDTA) for 5 min (Mehlich, 1984) . Extract P was determined colorimetrically, using a modifi ed method of Murphy and Riley (1962) , with a spectrophotometer wavelength of 712 nm. Water-extractable soil P was measured by agitating 0.5 g of soil in 5 mL of distilled water for 1 h (soil:solution = 1:10), fi ltering the supernatant through a Whatman No. 1 paper fi lter and determining P colorimetrically. Dissolved reactive P and total P (TP) were measured on runoff samples with and without 0.45-μm fi ltration, respectively. Dissolved reactive P was determined colorimetrically on fi ltered runoff samples. Total P was measured on unfi ltered runoff water by modifi ed semimicro-Kjeldahl procedure following Bremner (1996) . Total solids were determined by gravimetric analysis after evaporating 200 mL of runoff water at 80°C.
Data Analysis
In many studies of P loss in surface runoff , it is common to report the loads as yield per unit area (e.g., kg ha
−1
). When collecting surface runoff in small plots, as was done in this study, the tacit assumption must be made that the contributing area for each runoff plot is clearly identifi able and relatively constant from event to event. In the case of known variable source area hydrology landscapes, such as the Mattern watershed (see Buda et al., 2009) , the contributing area for runoff can vary widely depending on antecedent moisture conditions and individual storm characteristics (e.g., rainfall amount, duration, and intensity). Th erfore, we report nutrient loads (mass only) by multiplying the measured concentration times the total volume of runoff for each event.
To discriminate between the contribution of rapid incidental transfers and chronic diff use transfers on P loads, we fi rst identifi ed those events for which only chronic diff use transfers of soil P to runoff were expected to play a role. Average concentrations of TP from these events were then subtracted from TP concentrations of events for which incidental transfers of fertilizer and manure P were likely and runoff volumes from those events were used to estimate the load of TP associated with incidental transfer. By summing the TP loads attributed to rapid incidental transfers, it was possible to quantify their importance relative to those from chronic transfers at diff erent positions in the landscape. For statistical analysis, all load and concentration data were logarithmically (natural) transformed to comply with the assumption of Gaussian distribution and evaluated by parametric methods. One-way ANOVA was used to determine whether concentrations and loads diff ered due to landscape position. Paired t tests were used to assess diff erences due to storm characteristics (e.g., high versus low rainfall amounts, durations, and intensities) and runoff generation mechanisms (infi ltration versus saturation excess). Least squares regression was used to assess relationships between individual water quality variables (e.g., sediment versus particulate P concentration in runoff ). All diff erences reported in the text are signifi cant at α = 0.05. Statistical analyses were conducted using SAS Version 9.1 (SAS Institute, 2004) .
Results and Discussion
Trends in Climate and Hydrology
Over the 3-yr study period, annual precipitation in the Mattern watershed ranged from approximately the long-term average (105.6 cm based on 35 yr of data) in 2002 to 15 to 20% above that average in 2003 and 2004 (Table 2 ). All storms but one had return periods of less than 2 yr based on the methods of Aron et al. (1987) and produced rainfall of 0.2 to 6.4 cm (average, 1.96 cm) and rainfall intensities of 0.1 to 2.4 cm h ). Th e only storm with a return period greater than 2 yr resulted from the remnants of Hurricane Ivan (19-20 Sept. 2004 ), which had a 10-yr return period. Rainfall from this storm totaled 14.7 cm over 27 h, and maximum rainfall intensity reached 2.9 cm h −1 . Annual surface runoff varied greatly by landscape position, consistent with the generalizations of Srinivasan et al. (2002) and Needelman et al. (2004) . Essentially, the majority of surface runoff occurred at lower landscape positions with extensive fragipans, whereas surface runoff from upper hillslope areas occurred primarily as a result of storms of relatively high rainfall intensity (Table 3) . Runoff generation mechanisms diff ered profoundly by landscape position. At the seepage slope and transportational midslope landscape positions, runoff generation was primarily by infi ltration excess (Table 4) . Runoff depths at these upper landscape positions were small (combined runoff was 24% of that observed at the north footslope) and largely disconnected from downslope runoff (Buda et al., 2009) . Runoff from the two footslope positions was by both infi ltration and saturation excess mechanisms (Table 4) . Despite the proximity of the north and south footslope monitoring sites and similar landscape position, saturation excess runoff occurred more frequently at the north footslope, which had 150-fold greater runoff over the study period than did the south footslope (Table 4) . Th e diff erence in runoff between the two footslope positions corresponded with a more extensive distribution of the fragipan above the north footslope collection points (Fig. 1) , which likely enhanced saturation excess runoff generation through the development of seasonally perched water tables.
Trends in Runoff Water Quality
Surface runoff was measured in open and closed runoff plots to assess whether there were diff erences in water quality due to fl ow pathways. Preliminary analyses using paired t tests did not show any signifi cant diff erences between open and closed plots on P concentrations (mg L −1 ) and loads (g) in surface runoff at a given landscape position. Although the intent of the two plots designs was to contrast fi xed and variable pathway lengths, it is likely that the 5-cm-deep barriers on the closed plots were insuffi cient to isolate runoff in those plots from emergent lateral fl ow. Given the absence in diff erences between closed and open plots, the ensuing discussion is based on the mean response from the four open plots (see Fig. 2 for layout and design).
Phosphorus Transfers by Landscape Position
Phosphorus Concentrations. Phosphorus concentrations in surface runoff clearly diff ered by landscape position, refl ecting diff erences in P sources, hydrology, and transport processes across the landscape. Dissolved reactive P was the dominant form of TP in runoff at all landscape positions, with the DRP:TP ratio averaging 0.70 across all sites (range, 0.56-0.86) ( Table 3) . Mean runoff DRP and TP concentrations at the seepage slope and transportational midslope positions were signifi cantly greater than concentrations at the north and south footslope positions, with mean concentrations at the transportational midslope position 10 and 4 times greater than those observed at the two footslope positions, respectively (Table 3) .
Diff erences in DRP concentrations between landscape positions point to varying sources of recently applied P and soil P within the landscape as well as to the dilution of P in runoff at the footslope sampling sites. During the study period, manure and fertilizer were applied to fi elds 2 and 3 only ( Fig. 1; Table  1 ), which therefore served as the only known sources of recently applied P. Th erefore, one would expect incidental transfers of applied P to more directly aff ect runoff at the seepage slope and transportational midslope sampling sites that were established to collect runoff from the edges of these two fi elds. In addition, historical diff erences in P applications to fi elds in the watershed were manifest in a roughly twofold increase in Mehlich-3 P from fi elds 4 to 2, resulting in substantial differences in the potential for runoff P enrichment from soil P desorption. Indeed, over the course of the study, average concentrations of DRP and Mehlich-3 P from the north hillslope sampling sites were related (Fig. 3a) , although the slope of the relationship (0.009) was closer to that reported by Vadas et al. (2005) (0.002-0.005) for a broad range of soils when events representing rapid incidental transfers of applied fertilizer and manure P were excluded from the analysis (Fig. 3b) .
Although DRP clearly was the predominant form of P in surface runoff , particulate P (PP) arising from erosion accounted for as much as 44% of TP at some landscape positions. Average sediment and PP concentrations were strongly correlated across sites (r 2 = 0.83) despite the broad range of soil P concentrations that would be expected to modify this relationship across sites (e.g., Sharpley et al., 2002) . Sediment and PP concentrations were highest at the transportational midslope (0.45 g L −1 sediment; 1.2 mg L −1 PP) where slope gradient was the highest (32%) (Table 3). Signifi cantly lower sediment and PP concentrations were observed at the seepage slope (0.28 g L −1 sediment; 0.68 mg L (Table 3) where slope gradients were 12, 18, and 10%, respectively. Other factors contributing to diff erential PP loss across landscape positions include direct erosion of manure solids, or fl ocs, from the upslope fi elds , variable enrichment ratios between Berks and Albrights soils due to diff erences in surface textures , and diff erences in surface cover across fi elds, with the perennial alfalfa cover at the footslope position contributing to year-round protection against raindrop impact and ensuing erosion (Ghebreiyessus and Gregory, 1987). Phosphorus Loads. Phosphorus loads in runoff summed across all events (2002) (2003) (2004) ) from a particular landscape position varied by a factor of six, from 0.13 g from the seepage slope to more than 0.75 g from the north footslope (Fig. 4) , highlighting interactions between hydrology, soils, and management on P transfers. Trends in runoff P loads contrasted with those witnessed for P concentrations by landscape position because the largest loads were from the north footslope where P concentrations were lowest but runoff volumes were greatest. Indeed, across all sites, runoff volume for an individual event explained more of the variability in TP loads over the period of the study (r 2 = 0.52) than did runoff TP concentration (r 2 = 0.05). Th us, despite its relative distance from fi elds with the greatest potential for P release to runoff , the north footslope position had substantially greater P loads than the other sampling sites on the north hillslope (Fig. 4) . In addition, TP loads from the north footslope contrasted greatly with those from the south footslope, despite their similar position within the landscape, because the lesser runoff volumes from the south footslope sampling site were coincident with a smaller contributing area of the somewhat poorly drained Albrights soil and hence lower potential for upslope runoff generation by saturation excess. Such diff erences confi rm the generalization that areas underlain by fragipan should be targeted as the primary areas of P loss in runoff (e.g., Needelman, 2002) . Hurricane Ivan, an event with a 10-yr return period, accounted for more than 60% of the P load from the north footslope (Fig. 4) . During the 2-d storm, which resulted in 14.7 cm of rainfall, the north footslope produced 190 times more runoff than all other landscape positions combined, with exfi ltration from the north footslope potentially contributing up to 52% of total runoff assuming that the hydrologically connected surface runoff contributing area extended upslope to the boundary between the fragipan-containing Albrights soil and the Berks soil. In that event alone, 0.39 g of TP was mobilized in surface runoff from the north footslope. Overall trends in runoff P loads resulting from Hurricane Ivan support previous generalizations that storms of relatively infrequent occurrence account for the majority of P transfer (Pionke et al., 1999; Sharpley et al., 2008) . However, when P loads from Hurricane Ivan are excluded from consideration, diff erences between landscape positions become much smaller, accounting for roughly half the variability witnessed across all events. Ironically, such a dampened contrast in P loads across landscape positions contradicts previous estimates that large storms of lesser frequency activate large areas of the landscape, whereas small storms of frequent recurrence activate smaller areas (Sharpley et al., 2008) .
Seasonal Elevation in Runoff Phosphorus Concentration
Temporal trends in P concentrations in surface runoff provided insight into the role of fi eld management, particularly manure and fertilizer application, in P transfers (Fig. 5) . Along the north hillslope, a seasonal pattern in P concentrations was clearly evident. At the seepage slope and transportational midslope, P concentrations in surface runoff were at their lowest levels from late December through early April, averaging 1.2 mg L −1 DRP and 1.4 mg L −1 TP. Beginning in late April, runoff P concentrations began to increase at both landscape positions (Fig. 5a ), reaching peak levels around July for the transportational midslope (averaging 20.9 mg L −1 DRP and 25.9 mg L −1 TP) and from September to December for the seepage slope (averaging 10.9 mg L −1 DRP and 11.7 mg L −1 TP). At the north footslope, P concentrations remained at or below 1 mg L −1 for most of the monitoring period, but a clear peak was observed each year between late June and early July (Fig. 5b) . No clear seasonal pattern in P concentrations was evident at the south footslope (Fig. 5b) .
Th e P concentration peaks observed along the north hillslope, especially those occurring at the seepage and transportational midslope sampling sites, may be explained by three non-exclusive alternate hypotheses: (i) incidental transfers of P in surface runoff , (ii) leaching of P from senescing vegetation, and (iii) coincidence of low fl ows with high P concentrations in surface runoff . Th e fi rst hypothesis posits that incidental transfers of recently applied P in fertilizer and manure from fi elds 2 and 3 (Fig. 1) contribute to events during certain periods of the year while chronic transfers of desorbed soil P maintain baseline concentrations across all events. Th e magnitude of the P concentration peaks (Fig. 5) is consistent with those reported elsewhere for incidental transfers (e.g., Nash et al., 2000; Preedy et al., 2001; McDowell and Catto, 2005; Smith et al., 2007) . Furthermore, the eventual decline in peak runoff P concentrations from north hillslope sampling sites suggests the exhaustion of mobilizable P in applied manure and fertilizer (Heathwaite and Dils, 2000) . Other authors have indicated that P leached from senescing vegetation can contribute small amounts of DRP to surface runoff (approximately 0.01-0.03 mg L −1 ) (Gburek and Broyan, 1974 ; Sharpley, 1981). Th ese P concentrations would only account for <1% of the DRP concentration peaks observed in the current study. Th erefore, the contribution of a plant source to the elevated P concentrations in surface runoff is unlikely. A stronger alternate hypothesis for the elevated P in surface runoff is the concentration of P due to low runoff volumes. Indeed, there is a coincidence of high P concentrations at low fl ows for many of the summertime events. Kleinman et al. (2006) reported a change in TP concentration of 2.5-fold during the period of a single rainfall simulation event for the same experimental hillslope, attributing the decline in TP concentration to dilution. In this study, TP concentration peaks at the seepage and transportational midslope positions ranged from 4-fold (average) to 27-fold (maximum) above the TP concentrations that we defi ned as chronically desorbed from soils (1.1 mg P L −1 ), suggesting other factors at play beyond simple dilution/concentration eff ects. Th us, although the coincidence of low runoff volumes and available P sources cannot be further assessed in this study, the evidence strongly points to incidental transfers of manure and fertilizer as the principal source of high P concentrations (>1.1 mg P L −1 ) in surface runoff during the summer and fall months of the year. By identifying events relatively unaff ected by incidental transfers of fertilizer and manure P (i.e., fall and winter events with low runoff P concentrations), we estimate that runoff P concentrations associated with soil P desorption to runoff were 1.2, 1.1, and 0.32 mg L −1 for the seepage slope, transportational midslope, and north footslope, respectively. Th is resulted in a strong relationship in runoff DRP concentration with Mehlich-3 P (Fig. 3b ) much closer to that reported by Vadas et al. (2005) from a literature review of experimental data than the relationship from all events (Fig. 3a) . Using the average TP concentrations from these events, we evaluated all events over the course of the study to discriminate between the contribution of chronic transfers associated with soil P desorption and soil erosion and the contribution of incidental transfers of manure and fertilizer P. Although estimates are constrained by the complexity of interactions in source and transport factors (expanded below), incidental transfers of fertilizer and manure P are clearly more important to landscape positions close to the application point. In fact, we estimate that incidental transfers account for roughly 49 and 56% of the TP load from the seepage slope and transportational midslope, respectively, but contribute <1% of the TP load from the north footslope.
Th e timing of the peaks relative to P application and landscape position suggests considerable complexity in the process of P transfer beyond simple wash-off of fertilizer and manure P or concentration due to low fl ows. ) that easily could have generated incidental transfers of applied P. Although the alternate hypothesis of dilution could help to explain runoff events that occurred during the lag period, 53% (seepage slope) to 71% (transportational midslope) of these events still had TP concentrations in surface runoff that were more than 2.5 times greater than the TP concentration we defi ned as chronically desorbed from soils (1.1 mg P L
−1
). Th is suggests again that additional factors were at play beyond the simple dilution eff ects reported by Kleinman et al. (2006) .
Runoff Generation Mechanisms and Hydrologic Connectivity
Diff erences in runoff generation mechanisms had important eff ects on P concentrations and loads at each landscape position. Infi ltration excess runoff generation accounted for at least 89% of the runoff events from the seepage slope and transportational midslope (Table 4) . Th ese events typically generated small volumes of runoff with relatively high concentrations of P (Table 4) due to their proximity to the P sources of fi elds 1 and 2 ( Fig. 1; Table 1 ). Infi ltration excess surface runoff was also important at the south footslope, where it accounted for about 92% of the P loads (Table 4) . Despite the importance of infi ltration excess runoff to these sites, across all sites infi ltration excess runoff accounted for only 37% (57% when the effects of Ivan are factored out) of the total P load observed during the study period as surface runoff from the north footslope outweighed those observed elsewhere.
At the north footslope, infi ltration excess and saturation excess surface runoff events occurred with similar frequency (Table 4) , and P loads in saturation excess runoff accounted for 88% of the total P load (Table 4) . Saturation excess runoff from the north footslope was characterized by larger volumes but lower P concentrations than infi ltration excess runoff (Table 4) . Th e low concentrations observed from the footslope saturation excess events run contrary to the fi ndings of Zheng et al. (2004) and Sánchez and Boll (2005) , who observed that P concentrations in saturation excess runoff are higher than in infi ltration excess runoff because saturation excess runoff water remains in contact with P-saturated upper soil layers for longer periods of time than does infi ltration excess runoff water. In the current study, the large volumes associated with saturation excess runoff likely diluted P concentrations relative to those measured in infi ltration excess runoff (Table 4) . Variability in P transport across the landscape was also expressed in the connectivity of surface runoff between landscape positions, which ultimately determines whether runoff from a fi eld will directly aff ect downstream water quality (Sharpley et al., 2008) . Over the 30-mo period of observation, 14 storms (15% of the total number of events) were identifi ed where surface runoff was generated at the seepage slope or the transportational midslope but not at the north footslope, indicating a disconnect between upper and lower landscape positions. Th ese storms accounted for a total of 0.06 g (27%) of the P load and point to a segmented conveyance mechanism for P in which it is transferred downslope but not to the stream. Th e fate of that P is unknown and requires further investigation because the absence of surface runoff from the footslope position does not mean that subsurface P transfers did not occur. However, these results do support the hypothesis that a substantial amount of the P transfer within this landscape occurs in a two-step conveyance process, with incidental transfers of manure and fertilizer P accounting for P translocation to downslope areas, which, over time, have the ability to remobilize that P to the stream via chronic mechanisms of soil P desorption. Th erefore, even if incidental transfers of P in runoff from fi elds 1 and 2 do not entirely connect to the stream, the potential for this P to be remobilized from the footslope supports a management strategy that minimizes incidental transfers of P from upslope regions.
Implications
Results of this study affi rm the critical source area concept of P management and off er important insight into the P-Index. Th e Pennsylvania P-Index (Weld et al., 2007) rates fi elds 2 and 3 as having medium to high risk of P loss from 2002 to 2004, refl ecting a strong weight by the P-Index on source factors aff ecting incidental transfers of P. Indeed, incidental transfers appeared to be of relative importance to the P loads observed from sites associated with these fi elds, but the actual size of these loads was quite low. In contrast, fi eld 4, despite having high transport factors, consistently had low P-Index scores over the study period due to the fact that neither manure nor fertilizer were applied there during the study. Landscape trends in runoff P loads observed in this study would support a relative P-Index rating for fi eld 4 that was greater than those for fi elds 2 and 3. Results of this study clearly point to the potential to adjust the P-Index to better represent the importance of chronic diff use transfers, such as by adjusting the representation of transport potential within the P Index or the relative weighting of soil P source factor in comparison with applied P source factors.
Conclusions
Phosphorus in surface runoff is aff ected by a variety of source and transport factors. Understanding the interaction among these factors is the key to managing water quality in agricultural watersheds. By monitoring natural rainfall-runoff events at diff erent landscape positions with varying fi eld management, this study sheds light on the interaction of runoff hydrology, fi eld management, and landscape position on sources and transport of P at the hillslope scale.
Surface runoff varied by landscape position, with saturation excess runoff accounting for 19 times the volume of infi ltration excess runoff from the north footslope but infi ltration excess runoff dominating at the other landscape positions. Runoff diff ered signifi cantly between south and north footslopes, coinciding with the extent of upslope soil underlain by a fragipan. Phosphorus in runoff was predominantly in dissolved reactive form (70%), with the highest concentrations associated with the upper landscape positions that were closest to fi elds serving as major sources of P. Th e highest concentrations of P in runoff were in summer and fall, coincident with applied fertilizer and manure and many of the low fl ows observed during the study period. However, the largest loads of P were from the north footslope, where runoff volumes were 24 times larger than from all other sites combined. Most of the P loads in runoff from the north footslope appeared to be related to chronic transfers of desorbed soil P explained by existing relationships between soil test P and DRP in surface runoff . Although runoff from the footslope likely contributed directly to stream fl ow and hence to stream water quality, 27% of runoff P from the upslope sites did not appear to connect with stream fl ow.
